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MEASUREMENTS OF ACOUSTIC SOURCES IN MOTION 
by 


L. Maestrello and T. D. Horum 
NASA Langley Research Center 
Hampton, Virginia 23665 


SUMMARY 

This report presents results of the far-field pressures measured from three 
different types of moving sources. These acoustic sources consist of a 
point monDpole, a small model jet, and an aircraft. Results for the pressure 
time history produced by the point source show good agreement with those 
predicted analytically. Doth actual and simulated forward motion of the 
model Jet show reductions in noise levels with forward speed at all angles 
between the source and observer, Measurement with the aircraft oyer both 
an anecholc floor and over the ground yields a method for evaluating the 
transfer function for ground reflections at various angles between the 
moving aircraft and measurement position. 


INTRODUCTION 

•This report discusses three types of experiments on moving noise sources and the interpretation of the 
measured far-field pressures. The experiments consist of 1) a point source moving above a finite 
impedance reflecting plane, 1i) a model jet in actual and simulated forward motion, and ill) an 
airplane flyover with and without ground reflection effects. This work is an Integral part of a 

prediction scheme for the effects of forward motion on noise radiation. From the practical point of view, 

one must account for the effects of motion of the sources and their location relative to nearby scattering 
surfaces. 

In section I, preliminary information on the motion of noise sources is obtained by looking at the simplest 

source, the point monople (Ref. 1). The experiment is carried out using a small monochromatic source 

which behaves like an acoustic monopole when stationary. The purpose of this experiment Is to determine 
the behavior of the source when in motion at constant speed. 

There are different types of sources that radiate in the same manner in a stationary medium but radiate 
differently when In motion. The present experimental source consists of a time rate of introduction of 
mass, so it should behave like an acoustic monopole in the wave equation for the velocity potential, The 
experiment was designed to determine if motion yields the expected changes in source directivity. 

The source was positioned above an automobile via a guy wire supported mast. The automobile was driven 
at constant speeds over an asphalt surface past a stationary microphone. The resulting measured + ime 
histories were then compared to analytical computations of a monopole moving above a finite imps ice 
reflecting plane. 

Section II reports experiments of a model jet in both actual and simulated motion (Ref. 2). The model 
nozzle was first mounted above the same automobile used In the experiments reported above. The vehicle 
was again driven past stationary microphones In order to quantify the effects of motion on jet mixing 
noise. The nozzle was then tested in an anecholc environment with a free jet simulating the forward 
motion. The results of these two methods of obtaining forward speed effects on jet noise are compared. 

In section III, tests conducted using an airplane (a T-38 NASA trainer vehicle) are reported. Measurements 
were taken over an anechoic floor as well as over the ground, and auto-correlations of these measurements 
were obtained for short time intervals corresponding to a particular position of the aircraft. These 
show the direct signal for the microphone over the anechoic floor as well as a combination of the direct 
and reflected signals for the microphone above the ground. 

The simultaneous processing of the signals received by the two microphones permits one to determine the 
transfer function of the surface for a large range of frequencies and source positions. This approach 
will permit correction of flyover spectra for contamination by ground reflections. 

The results of these three tests are presented and discussed together with recommendations for future work. 


I. POINT SOURCE IN MOTION 

The experiment was conducted by placing a point source above an automobile, and driving it over an 
asphalt surface past sideline microphones, An analysis for an acoustic monopole moving above a reflecting 
plane was made and results from the experiment and analysis are cor ared for different forward speeds. 

A. Description of Experiment 

The experimental source consisted of a 60 watt acoustic driver necked down to a 1.52 cm diameter 
tubular opening. When driven by an oscillator at a discrete frequency, the output of this source consists 
of tones at the oscillator frequency and Its harmonics. By appropriate filtering, the measured signal 
consists essentially of a discrete frequency. 
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The source we s positioned 7.9 m from the ground above an automobile via a guy wire supported mcst (Fig. 1). 
An oscillator located In the trunk of the vehicle excited the source at a frequency of either 123C Hz or 
2310 Hz. The automobile was driven at constant speeds ranging from 13.4 to 44.7 m/z which were recorded on 
a strip chart within the vehicle. Sideline microphones were located at a closer approach distance of 
11.0 m and positioned 3.05 m and 6.10 meters from the ground surface. The experiment was performed on an 
aircraft runway consisting of a 16.5 cm asphalt surface on top of a concrete foundation. 


• POINT 30URCC 


Figure 1.- Moving point source experiment. 



The pressure signals were measured with 1.3 cm diameter condenser microphones and recorded on magnetic 
tape. In both the recording and reproduction stages the data were passed through a band pass filter set 
to pass all the frequency components possible due to the Doppler effect on the oscillator frequency. The 
analog tapes were digitized at the rate of 10,000 points per second. 

The oscillator frequency was set to an accuracy of ♦ 1 Hz. Vehicle speed varied by no more than ♦ 0.5 m/s 
over the test zone. The frequency response of the recording and analysis system was estimated to be flat 
within ♦ 0.5 dB over all frequencies of Interest. 

B. Analysis 


For the monopole of angular frequency w and strength q 0 moving with constant velocity U In the x 
direction at a distance h above the x*z plane (Fig. 2), the propagation Is governed by: 


i> (x, y, z. t) ■ - v'*' 1 «(x-Ut) 6(y-h) «(z) 


where 


Is the wave operator. 




and <p Is the acoustic velocity potential. 


the x-z plane to be a locally reacting surface of normal Impedance c. the velocity potential 
the condition: 


O) 

Specifying 
must satisfy 


c jT' Z ly ***• y> *• ' 0 y - 0 


( 2 ) 


where Z « c/pc and pc Is the acoustic Impedance of air. 


Through the use of a Lorentz transformation and a subsequent Fourier transformation on toe spatial 
variables, the solution valid at a sufficient distance above the plane is 

4 >(x, y. z, t)* (q o /4*) ^> 2 (ct-H*> (e^VR, ♦ C R e^S/R^, (3) 

where 

R, - [(x - Met) 2 ♦ ((y - h)/y) 2 ♦ (z/y) 2 ] 1/2 . (4a) 

R 2 ■ t(x - Met) 2 ♦ ((y ♦ h)/y) Z ♦ (z/y) 2 ] ,/2 . (4b) 

Cr , Z(y ♦ h) - y 2 (R 2 ♦ H(x • Met)) (4c) 

Z(y ♦ h) ♦ > 2 (R 2 ♦ M( x - Met)) 

Note that If the Mach number M Is set equal to zero the solution reduces to that for the stationary 
source (Ref. 3) with the reflection coefficient given by 


C R * (Z cosa - 1 )/( Z cosa + 1), 


(5) 


-1 a a 2 *22 1/2 

where a ■ cos [(y ♦ h)/(x ♦ (y ♦ h) ♦ z ) ' ] Is the angle of Incidence. This stationary source 
solution Is stated In reference 3 to be a very good approximation as long as the observer Is not closer 
than a half-wavelength to the boundary surface. 
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Hence, In addition to the well-known convection effects on the form of the direct and reflected waves, 
source motion Introduces a convection term Into the reflection coefficient. This convection term In 
Eq. {4c) is seen to be more important for small values of Impedance and large Incidence angles (small 
grazing angles), and increases in significance as the source velocity Increases, 


h 
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Figure 2.- Source moving at constant 
velocity above a ground plane, 


The acoustic pressure Is obtained In the usual manner from the velocity potential by 

p(x, y, z, t) - - p 3 i|)(x, y, z, t)/5 t, (6) 


C, Results and Comparisons 

To Investigate the effects of motion on the experimental point source and the extent to which the observed 
signal can be predicted analytically, various comparisons of the time histories were made. These 
comparisons are shown In figures 3-5, In which the mean square pressure in dB is plotted against the 
normalized time Ut/o, where U is the source velocity and a is the closest approach distance. The 
analytical mean square pressure was computed at discrete points In time from Eq, (G)» whereas the 
experimental values were obtained by averaging the digitized data over a time interval corresponding to 
a given increment in the source travel distance. The comparisons below include the effect of analysis 
time on the perceived results and the effects of varying source velocity and observer height. 



Figure 3.- Effect of analysis time on experimental 
noise-time history. Source frequency F = 1230 Hz; 
source velocity U = 13.4 m/z; observer height 
h = 3,05 m; analysis time: (a) 1.52 cm/point, 

;b) 10.7 cm/point, (cj 152 cm/ point 


I 1 ! 1 ! 1 1 1 1 1 I I I 

-6 -4 -2 0 2 4 6 

NORMALIZED TIME Ut/o 

lo see the effect of analysis time on the observed signal, one of the experimental time histories was 
analyzed using three different analysis times. In figure 3a, each plotted point corresponds to 1.52 cm 
of source travel distance (1,52 cm/point), whereas 10.7 cm/point and 152 cm/point were used in figure 3b 
and 3c, respectively. Each of the first two curves show the pattern of alternate reinforcements and 
cancellations caused by the reflected wave, although the magnitudes of the cancellations are seen to 
differ by as much as 10 dB between the two curves. (The same phenomena was obtainable with the theoretical 
results when different time intervals between computed points were used.) This not unexpected fact 
illustrates that little Information about the reflected wave from an acoustically hard surface can be 
obtained from a consideration of the magnitude of the cancellations. Figure 3c shows that the details of 
the reflection process are lost if the analysis time Is not chosen small enough, 

A comparison of the theoretical and experimental results is given in figure 4 for the two different observer 
heights. The time Interval between computed points for all the theoretical curves presented was chosen to 
correspond to 10.7 cm/point. Superimposed on each of these curves Is the signal that would be received In 
the absence ofthe ground surface, obtained by using a value of zero for the reflection coefficient. The 
value chosen for the normalized ground Impedance in the theoretical curvet was 1 = 4 - i4, a value 
Indicative of a fairly hard ground surface. One can see a good agreement between the curves both in shape 
and in the time intervals between the alternate reinforcements and cancellations, Decreases in the time 
Interval between successive reinforcements and cancellations are seen to occur 1i; both the theoretical and 
experimental results with increasing ground to observer distance. 
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The effect of source velocity can bo seen In figure 5. Since the time axis has been normalized by using 
the velocity, the shapes of the observed signal are the same. {The erratic nature of the experimental 
curves with Increasing velocity Is due to a smaller analysis time being used as the velocity Increases.) 





i i I -i < ' < 1—1 I ! 1 I 

-6 -4 -2 0 Z 4 6 

NORMALIZED TIME Ut/o 


Figure 4,- Variation of theoretical and experi- 
mental noise-time histories with observer height. 
Source frequency F = 1230 Hz*, source velocity 
11“ 13.4 m/s; Impedance Z for computed curves 
= 4 - 14; observer height h: (a) 3,05 m (computed); 
(b| 6.10 m (computed); (c) 3.05 m (measured); 

(d) 6,10 m (measured). 


Many of the above results are qualitatively predictable from a simple consideration of the time and 
length scales Involved. The purpose of the comparisons presented Is to show the good agreement In the 
shapes of the experimental and theoretical results. This agreement gives credance to the assumption that 
the experimental source Indeed radiates In the same manner as a theoretical monopole in motion. 




Figure 5.- Variation of theoretical and 
experimental noise-time histories with 
source velocity. Source frequency 
F = 1230 Hz; observer height h r - 3.05 m; 
Impedance Z for computed curves = 4-14; 
source velocity U: (a) 13.4 m/s (computed); 

(b) 35,7 m/s (computed); (c) 13.4 m/s 
(measured); (d) 22.3 m/s (measured); 

(e) 35.7 m/s (measured). 
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II, MODEL JET IN ACTUAL AND SIMULATED MOTION 
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Tin model nczzlo was mounted nbove the automobile In the same manner as the point source and driven past 
fixed microphones, The nozzle was then mounted In a anecholc facility Inside a large free Jet simulating 
the forward notion. These two methods of obtaining forward speed effects on jot mixing noise are compared. 

A. Tests with the Vehicle 

The noise generated by the automobile In motion was estimated from the test discussed In section 1. Since 
the vehicle noise is oredomlnantly low frequency, a high pass filter can be used to suppress much of 
this background noise. This necessitates the use of a high speed, small diameter jet to maintain the 
spectral peak of the Jet noise above the low frequency cutoff. Hence a 2.54 cm exit diameter nozzle run 
at a nominal Mach number of 0.85 was chosen along with a 500 Hz high pass filter. Since the spectral 
peak of jet noise corresponds to a Strouhal number near 0.25, this peak should then occur around 3 kHz. 

A more obvious reason for the high jet exit velocity was to obtain jet noise levels above that of the 
vehicle noise throughout most of the spectra. Also, the high jet levels assured minimum contamination 
from upstream valve noise. 

The nozzle flow was provided by a high flow accumulator filled with nitrogen and mounted In the trunk of 
the vehicle. The gas passed through a long supply tube to the nozzle exit. For the chosen exit Mach 
number of 0.85, between 2 and 3 seconds of constant mass flow could be obtained from this system. 

Doth the nozzle and microphones were positioned approximately 7.6 m {25 ft.) above the ground and the 
closest approach distance between vehicle and microphones was about 11 m. 

The test vehicle was driven over an asphalt surface past six sideline microphones at a constant speed 
within the test section. The microphones were positioned at 3 m Intervals parallel to the path of the 
vehicle. Since the nozzle supply system was limited to about 2.5 seconds, measurements at all angles 
of interest could not be obtained during a single run. Hence each run was set up to obtain data for a 
single nozzle to microphone emission angle. The vehicle position with respect to the microphones was 
determined by long metal strips that functioned as electrical switches. These were placed perpendicular 
to the path of the vehicle and activated by Its tires. The signals produced by these switches were 
recorded along with the microphone signals. Each microphone signal was analyzed only over 3 m of vehicle 
motion such that the midpoint of the signal corresponded to the desired nozzle-microphone angle at the 
emission time. Vehicle background noise was measured using the same procedure without the jet activated. 

Static jet noise data at each emission angle were obtained from two of the six microphones, with the 
stationary vehicle positioned such that the two microphones were located at the extreme angles of the 
corresponding motion run. 


Five discrete nozzle-microphone emission anoles were tested, equally spaced from 30° to 150°, Vehicle 
Mach numbers of 0, 0.04, 0.08, and 0.12 were run at all five angles, with the exception that data were 
not obtained at the two upstream angles at the highest speed due to a significant masking of the jet signal 
by the vehicle noise. Each test condition (corresponding to a given vehicle speed and angle) was repeated 
a number of times, resulting in at least 2 seconds of data per condition. 

Power spectral densities (PSD's) were obtained from the measurements using a constant bandwidth filter 
of 78 Hz over the range 500 Hz to 20 kHz. Each acceptable data segment was analyzed and those correspond- 
ing to a given test condition averaged. 

The PSD's for all test conditions at a nozzle-microphone angle of 30° are shown in figure 6. The 
background vehicle noise (jet-off condition) Is shown os the continuous traces in the lower part of the 
figure. Data at the highest speed in the frequency region near 4.5 kHz are not shown since this region 
was contaminated by background noise due to aeolian tones caused by the guy wires supporting the nozzle 
supply tube. 



Figure 6.- Measured power spectral densities 
for jet and vehicle noise at 30° emission 
angle. 
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C. Comparisons Between Vehicle and Free Jet Results 


Figure 0,- Power spectral 
densities from free-jet at 90° 
observer angle. 


The difference In sound pressure level between static and motion conditions Is generally correlated anal ns t 
the ratio of jet velocity to relative velocity (the difference between jet and forward velocities). This 
type of comparison should yield consistent results for flight simulation studies (free jet or wind tunnel) 
since there is no relative motion between the jet and the observer. However, In actual flight the Doppler 
effect results In a frequency shift of the entire spectrum, so this type of comparison (particularly when 
done on a frequency-by- frequency basis) can be misleading. Nevertheless, In order to reassert the main 
findings of this report in a fashion that Is commonly presented, the statlc-to-motlon OASPL differences 
are given In figure 10 as a function of 10 log Mj/Mrel for both series of tests. The effects due to 
convection that are sometimes subtracted from the OASPL differences before this type of correlation is 
made (ref. 4) were computed to be less than 0,4 dB for all test conditions and hence were neglected. 



Figure 9.- Overall sound pressure levels 
Including angular refraction correction. 
(Free-jet tests.) 


The uncertainty due to the procedure used in estimating the OASPL for the vehicle tests leads to the 
considerable scatter shown In figure 10. The relative velocity exponent m lies somewhere between 
3 and 6. The data uncertainty as well as the test limitations of high jet velocity/low forward speed 
prevent a reasonable estimate of this exponent or Its variation with emission angle. Nevertheless, an 
increase In noise reduction with Increasing forward speed is again clearly indicated at all angles at 
these low velocities for both testing methods. 



Figure 10.- Change in overall sound 
pressure level between static and 
motion Conditions . 
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III. AJR CRAFT FLVOViR MEASUREMENTS 

To bettor estimate the effect of forward motion 'in real enqlne noise, flight experiment* were conducted 
using an actual aircraft. There are . on\ Iderable difficulties to overcome before Interpreting the far 
field data from a full scale aircraft In flight. Existing studies on forward flight have yet to address 
these difficulties but have concerned themselves with more obvious practical prerequisites . Since the 
results of aircraft flyovers are still dubious. It becomes important to establish exact techniques to 
quantize the sound field from a moving aircraft. This section focuses on one of the fundamental measure- 
ment problems, ground reflections. Measurements of the far field pressure from an airplane flyover were 
taken over both an anecholc floor and over the ground. A method Is presented for evaluating the transfer 
function of the ground surface, which can he used for correcting data contaminated by ground reflections. 
These corrections are Independent of the source, but depend on the geometrical orientation between the 
sources and observer as well as on the distance from the microphone to the ground surface. 

A. Method of Measurements 

Since the objectives of this test were to separate the effects of reflection and to establish the properties 
of the reflecting surface, microphones were located over both an anecholc floor and a reflecting ground. 

The anecholc floor Is shown In Figure II. It consists of a semicircular surface with a radius of 12.2 m 
composed of anecholc wedges of size 0.3 x 0.3 x 0.9 meters. The wedqes are placed one meter above the 
ground and supported by wire mesh. 

'our equally spaced microphones were placed over the anecholc floor, and an additional four over the 
ground (Fig. 12). The microphones were oriented along the direction of the flight path at a height of 
3.38 m above the ground. The ground surface consists of packed turf, typical of surfaces used In aircraft 
flyover noise test. All the microphones are recorded simultaneously on magnetic tape recorder so that the 
measurements over the anecholc floor and over the ground surface .ore taken at the same time. The aircraft 
used was a NASA T-38 airplane (Fig. 13). One of the Interesting features of this aircraft is that the 
two Jets exhaust at the rear end of the fuselage, thus concentrate g the emission over a small area. The 
test was conducted at an altitude of h • 305 meter at velocity of • 105 m/sec. 



AIRPLANE FLIGHT PATH 



Figure 1 2. -Microphones positions above 
the anecholc floor and above the ground 
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Figure 13.- Geometry of T-38 airplane 


8. Results and Discussion 

The data collected in one flyover was recordeo over the time period of 14 seconds. During this time the 
aircraft moved over a 140° arc with respect to the reference microphone. Seven auto- > elation* were 
obtained, each over one record time Interval, centered at the angles 0 ■ 36°, 55°, 91 124°, 144°, 156°, 

and 160° (Fig. 14). The overhead position of the aircraft (90°) Is chosen as reference, such that at 
« « 36° the airplane Is four seconds ahead of the reference, and at 0 • 160° Is Is eight seconds past 
the reference. 



PLANE OF THE MICROPHONES 


Figure 14.- Positions of the aircraft for data analysis 


The auto-correlations taken over the anechoic floor are smooth while those taken over the ground contain 
a second peak (Figs. 15 and 16). The time delay of this peak depends on the position of the aircraft 
with respect to the microphone and 1$ associated with the retarded time between the Incident and 
reflected signals. At t * o, the auto-correlation measured over the ground consists of the direct 
slgral and the reflected signal that was emitted at an earlier time, whereas the second peak at the 
time delay t * ♦ 2h sin / c consists of the correlation of the direct signal with Itself after 
reflection. 


In order to separately resolve the two peaks, the time delay of the secondary peak must be large In 
comparison with the correlation time scale of the direct signal. The measured signal can also be deconvoluted 

! h ?. f !!r ,Ue r Cy the auto-correlation can be interpreted as the convolution of the transforms 

of both direct and reflected signals (See Ref. 4). 


The position of the aircraft was determined from the auto-correlations ovei the ground. Notice that the 
time delays of the secondary peaks In Figure 16 Increase from 0 ■ 36° to 90° and then decrease again 
as the angle becomes larger than 90°, as expected from the expression relating to to 8. Use of this 
expression along with the measured value of t 0 then yielded the aircraft postion (l.e., 9) at the 

emission time of the direct signal. In addition to using the auto-correlation to determine the position 
of the aircraft, the cross correlation between two adjacent microphones can also be used to estimate the 
speed of the aircraft. 

The main objective of this experiment, however. Is the evaluation of the transfer function (T) of the 
reflected signal from the surface. This function Is defined as the ratio between the spectrum measured 
over the ground (Sg) to that measured over the anechoic floor (S.) over the same time Interval, and depends 
on the angle 9, the distance of the microphone from the ground (h), and frequency. 




>0 




Time, msec 


Figure 15.- Unnormalized auto-correlations over the anecholc floor. 

Computed results of tills transfer function are shown In Figure 17 for three different values of Q. The 
oscillatory behavior Is due to the fact that the spectra fromwhlch the transfer function was derived are 
themselves not smooth because of the short averaging time necessitated by the motion of the source. Also, 
the nature of reflections leads to non-smooth spectra measured over the ground. However, for the practical 
purpose of correcting the ground spectrum for reflections, the transfer function can be averaged as shown 
by the smooth lines In Figure 17. These curves show that the corrections needed for ground reflections 
spread out In frequency as the source approaches the overhead position. 

Using the average spectrum of the transfer function, the ground spectrum for 0 = 36° was corrected and 
shownln Figure IB along with the two corresponding measured spectra. As can be Seen from this figure, 
the spectrum corrected for ground reflections by the transfer function agrees well with the spectrum 
measured over the anecholc floor. 

Pursuing ground reflection corrections utilizing the transfer function approach rather than the more 1 

common ground Impedance measurements is certainly easier and more practical for any engineering approach. 
Measurements of surface Impedance are known to be difficult and even at the present time these data are 
ambiguous and Incomplete. In addition, discrete frequency measurements of surface impedance yields large 
scatter in results. The transfer function approach Instead uses frequency bands so that oscillations are 
not as pronounced. Also, from the engineering approach It is easy to understand and simple to apply. 
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Figure 16,- Unnormalized auto-correlations over the ground 
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Figure 17.- Transfer function of the reflected signal 
from the surface of three different values of 0. 
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CO NCLUDING REMARKS 

Experiments we. - e condy . •< v'-u i three different typos of noise sources In motion, A discrete frequency 
point source moving r rr a reflecting surface yields results that agree with those predicted analytically. 
Measurements of a mode) jet In actual and simulated forward motion both show that the noise decreases with 
increasing speed at all observation angles. The fact that observed effects In flight testing of 
actual jut engines do not appear In these model Jet tests suggest that the flight data Includes Installation 
effects and, or sources other than pure Jet mixing noise. Auto-correlatlons from noise measurements of an 
actual aircraft In flight over a ground surface gives an Indication of reflections from the existence of 
a secondary peak In the correlation, This secondary peak also allows determination of the position of 
the aircraft. Simultaneous measurements over an anecholc floor and the ground permit the evaluation of the 
transfer function of the reflected signal from the surface and hence allow the spectrum to be corrected 
for ground reflections. 

There Is much work to be done to establish the effects of motion on aircraft noise. One step Is the 
establishment of the temporal and spatial distribution of the sources In a jet In a fashion amenable to 
experisofitatlon for both stationary and moving aircraft. This technique has been tested for a model 
stationary jet In reference 5. Furthermore, It Is necessary to reduce the nonstationary signal (resulting 
from the motion of the aircraft) Into an equivalent stationary one, such that comparison can be made 
between static and moving aircraft. A preliminary investigation of this effect Is reported In reference 6. 
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